1. The purification of creatine kiinase fromii norinal and genetically dystrophic clhicken breast muscle is described. Enzyme recovery was significantly lower froin dystrophic muscle. 2. Both enzymes had the same number of reactive and total thiol groups and had similar specific activities and similar amino acid coinpositions.
3. No significant differences were observed in sedimentation, electrophoretic or kinetic properties. 4. Peptide 'maps' showed no significant differences, and electrophoresis of partial acid hydrolysates of the labelled enzymes suggested that corresponding amino acid sequences around all the thiol groups were very similar. 5. The enzymes showed identical temperature stabilities. 6 . No significant differences between the enzymes from normal and dystrophic muscle were observed.
The creatine kinases (ATP-creatine phosphotransferases, EC 2.7.3.2) catalyse the reaction: Creatine + ATP creatine phosphate ±ADP + H+ in the presence of bivalent cations such as Mg2+ and Mn2+. The enzymes occur in many vertebrate tissues and it is known that they have molecular weights of approx. 80000 (Kuby, Noda & Lardy, 1954; Epp3Mberger, Dawsoni & Kaplan, 1967; Kumudavalli, Moreland & Watts, 1970 ) and consist of two very similar subunits (Dance & Watts, 1962) each with one highly reactive and 'essential' thiol group (Mahowald & Kuby, 1960; Watts, Rabin & Crook, 1961; Eppenberger et al. 1967) . Creatine kinase is known to be intimately involved in normal muscle contraction and probably occurs in close physical association with the contractile elements.
In the developmeint of normal muscle there is a progressive change in the creatine kinase isoenzymne pattern from a preponderance of the brain type in the foetus, generally via a hybrid form of intermediate electrophoretic mobility, to the enzyme of low mobility characteristic of the adult muscle (Eppenberger, Eppenberger, Richterich & Aebi, 1964; Dawson & Kaplan, 1965; Kendrick-Jones & Perry, 1967) . Of the several genetically determined types of muscular dystrophy known, the Duchenne type, which is X-chromosome-linked and recessive and is characterized by progressive degeneration of the skeletal muiscles in young males, has been * Presenit address: Molecular Euizymology Laboratory, Departnmenit of Biochemistry, University of Bristol Medical School, Bristol B88 ITD, U.K. most widely studied (Walton & Gardner-Medwin, 1969) . In this disease serum creatine kinase activities are generally greatly elevated, particularly in the early stages, and the elevated enzyme activities frequently observed in mothers who are carriers of the disease are of great diagnostic value (Ebashi, Toykura, Momoi & Sugita, 1959) . In dystrophic human tissue the isoenzyme pattern is foetal rather than adult in character (Miyazaki et al. 1965 ) but it is not clear whether this is a result of a lack of development of the normal adult pattern or of a reversion to the foetal isoezyme distribution. Investigation of the dystrophies has been hampered until recently by the lack of suitable experimental materials. The discovery of genetically linked dystrophies in a number of experimental animals, e.g. mouise (Michelson, Russell & Harmnan, 1955) , hamster (Homburger, Baker, Nixon & Whitney, 1963) , duck (Rigdon, 1966) and chcken (Asmundson & Julian, 1956) , has greatly facilitated research in this group of diseases. Hooton & Watts (1966a) reported the presence of a defectiv-e form of creatine kinase in dystrophic mouse muscle. They isolated the enzyme from normal and dystrophic mtuscle tissue, and showed that the enzyme from the latter had half the specific activity of that of the norinal and contained only one reactive thiol group com. pared with two in the normal. In addition, they obsei'ved a single difference on peptide 'maps' that they attributed to the replacement of one reactive cysteine residue by a glutamic acid residue. On the basis of these findings they suggested that dyktrophic tisstue contained a modified creatine kinase undei genetic control, and that this was a possii)le primary cause of the disease. If the presence of a defective creatine kinase is the primary cause of one type of genetically determined muscular dystrophy, it also might be expected to occur in other species affected with this type of disease. We decided to investigate this problem in further detail at the molecular level, but because of the great difficulty in obtaining sufficient muscle tissue from mice we used New Hampshire chickens with hereditary dystrophy. Part of this work has already been presented elsewhere (Roy, Laws & Thomson, 1969) . Purification of the enzywes. Creatine kinase was prepared from normal and dystrophic chicken muscle by a procedure essentially the same as that of Eppenberger et al. (1967) . A number of significant modifications were made as follows. (1) The KCI extract was treated with cold ethanol without prior centrifugation. This speeded up the preparation without significantly affecting yields or purity of the preparation. (2) Dithioerythritol (80 mg/1) was incorporated irn all solutions from the magnesium acetate extraction stage onwards to stablize the enzyme. (3) The ammonium sulphate concentration step was omitted. (4) The magnesium acetate extracts were equilibrated by dialysis against 5mM-tris-HCl buffer, pH7.7, containing dithioerythritol (80mg/1) before being loaded on to the cclumn (4 cm x 45 cm), and the DEAEcellulose used fo. chromatography was thoroughly equilibrated against the same buffer. After application of the magnesium acetate extract, the column was washed thoroughly with starting buffer to remove much loosely bound protein, and the enzymes were eluted with a linear gradient of 5-250mM-NaCl in 5mM-tris-HCI buffer, pH 7.7, containinig dithioerythritol (80mg/i). The Dialysed against 10mM-tris-HCl buffer, pH 7.7, containing dithioerythritol (80mg/1) Stock purified enzyme stored at 2°C in above solution Scheme 1. Purification of chicken breast muscle creatine kinase. Extractions were carried out at 2°C unless otherwise stated. Chickens were killed by cervical section and breast muscles were immediately frozen at -18°C. These were thawed out when required by keeping overnight in the cold-room at 4°C. Next morning the muscles were cut into pieces and minced with an electric mincer. The presence of dithioerythritol was required to maintain enzyme activity. On occasions 2-mercaptoethanol was used instead. creatine kinase activity. The procedure used for the purification of chicken muscle creatine kinase is summarized in Scheme 1 and typical column elution profiles are shown in Fig. 1 . Creatine kinase was prepared similarly from rabbit muscle (Kuby et al. 1954 ) and bovine brain (Wood, 1963) Kuby et al. (1954) by following the conversion of creatine into creatine phosphate. The standard assay mixture contained (final concentrations) creatine (80mM), magnesium acetate (0.1M) and glycine (0.4M), and after addition of ATP (5mM) the reaction mixture was equilibrated at 30°C.
MATERIALS AND METHODS
The diluted enzyme was then added to start the reaction. Adenosine triphosphatase activity was determined by incubation with ATP in the absence of creatine.
The ereatine kinase reaction followed apparent secondorder kinetics with respect to ATP, and velocity constants, K, were calculated either individually or read from a standard calibration curve (of ,tmol of phosphate liberated against units of enzyme activity). Specific activities are expressed as units of enzyme activity/mg of protein, the unit being as defined by Kuby et al. (1954) . 1970 178 (b) Automated phosphate method. In the phosphate method of creatine kinase assay (Kuby et al. 1954 ) the amount of phosphate liberated from the creatine phosphate formed during the reaction is determined as ammonium phosphomolybdate. The Technicon AutoAnalyzer manifold for phosphate analysis was adapted for monitoring the creatine kinase activity (A. R. Thomson, unpublished work). The system was modified to allow the enzyme and its substrate to react first in the mixer (Kuby et al. 1954 ). The phosphate liberated was then measured colorimetrically at 660nm. Column fractions were scanned for enzyme activity at a rate of either 20 ml/h or 40ml/h.
(c) pH-stat method. To compare Michaelis constants, K., and initial velocities, V, and maximum velocities, Vmax., the pH-stat method of enzyme assay was also used . In this method the conversion of creatine into creatine phosphate is followed by the liberation of H+ ions, which are titrated with NaOH at pH 8.8. The standard reaction mixture contained (final concentrations), ATP (4mM), MgSO4 (4mM) and creatine (40mm). For the titrations, which were carried out in a Radiometer pH-stat and Titragraph TTT1, 0.02-0.01 M-NaOH was used. N2 was bubbled through the reaction mixture throughout the experiment to avoid alteration of pH by the absorption of CO2.
Initially we had difficulty in obtaining reproducible titration curves, possibly owing to inactivation of the dilute enzyme solution, but this was overcome by incorporating 2-mereaptoethanol (1 mM) in the assay mixture. Determination of the thiol groups. Thiol groups were determined by reaction with 5,5'-dithiobis(2-nitrobenzoic acid) in 10mM-tris-HCl buffer, pH 8.0 (Ellman, 1959) , both in the presence and in the absence of guanidine hydrochloride (6M). To prevent oxidation of thiol groups during dialysis enzyme solutions were dialysed against IO mM-tris-HCl buffer, pH 8.0, containing dithioerythritol (1 mg/l), the diffusate being used as the reference solution in the spectrophotometer.
Protein determination. Protein concentrations were determined either with the biuret reagent (Gornall, Bardawill & David, 1949) , with crystalline bovine serum albumin as standard, or from E280 values by using E I% 8.7 (Kuby et al. 1954) .
Electrophoresis. High-voltage electrophoresis was carried out in an apparatus similar to that described by Michl (1951) . The coolant and pH6.5 and 2.1 buffers were as described by Ambler (1963) .
Proteins (approx. 25,ug) were subjected to electrophoresis on Oxoid cellulose acetate sheets (12 cm x 12cm) (Medical Division, Oxo Ltd., London E.C.4, U.K.) at various pH values between 5 and 9.6 at 15-20V/cm and 10mA for approx. 1 h. The sheets were then stained with Ponceau Red S [2% (w/v) in 3% (v/v) acetic acid]. Amino acid analysis. Enzyme solutions were thoroughly dialysed against distilled water, pH 9.0, and portions were then frozen, dried and hydrolysed with 6.5m-HCI (redistilled) for 16, 40 and 64 h in vacuo at 105°C. After rapid removal of HCI in vacuo at approx. 30°C, samples for analysis were dissolved in 0.2 M-sodium citrate buffer, pH 2.0. Amino acid compositions were determined with a Technicon TSMI automatic amino acid analyser and a molecular weight of81 000 was assumed in the calculations.
Peptide 'maps'. These were prepared by electrophoresis as above for 1 h at 50V/cm followed by chromatography at right-angles in butan-l-ol-pyridine-acetic acid-water (15:10:3:12, by vol.) for 16h at room temperature in an insulated chromatography tank.
RESULTS
Details of typical preparations of creatine kinase from normal and dystrophie breast muscle are given in Table 1 and Fig. 1 magnesium acetate extracts of dystrophic tissue than from normal tissue, perhaps the result of less efficient extraction from tIhe former, which was noticeably different both in appearance and consistency from normal tissue. In both cases the enzyme activity was eluted as a single major peak from DEAE-cellulose (Fig. 1) . However, the enzyme from normal tissue was eluted at a higher salt concentration, and there was an additional inactive protein band. This different behaviour is possibly due to a difference in charge (though this is not supported by electrophoresis results; see below) or to the presence of lower protein concentrations and an altered spectrum of proteins in the dystrophic-tissue extracts. Electrophoretic mobility. The enzymes from normal and dystrophic muscle showed identical electrophoretic mobilities lt all pH values from 5 to 9.6. Fig. 2 shows a comparison of the mobilities of enzymes obtained from different species at pH 8.6. All are very similar apart from the brain enzyme, which moves faster than any of the other isoenzymes. These regults agree with those of Hooton & Watts (1966a) and Jacobs et al. (1969) Thiol group8. In enzymes from both normal and dystrophic muscle approx. 2 thiol groups/molecule reacted in the absence of denaturant (Table 2 ). This value agrees with that for the enzymes from human dystrophic muscle determined by Jacobs et al. (1969) . Similarly, in the presence of 6M-guanidine hydrochloride no difference in thiol groups could be detected (Table 2) . lodoacetate inhibition. Purified enzymes from normal and dystrophic chicken muscle at concentrations of approx. 50mg/mql were incubated for 30min with iodoacetic acid, freshly recrystallized from light petroleum (b.p. 60-80'C) dissolved in tris-HCl and the pH was adjusted to 9.0. The molar ratios of iodoaeetic acid to protein ranged from 0.5 to 3.0. Reaction with iodoacetate was stopped by dilution, a4d the residual activity was assayed as described in the Materials and Methods section. The inhibition curves of both the enzymes were very similar initially, both exhibiting a 4.0 3.5 *:
. steady loss of activity, but whereas the normal enzyme was completely inhibited the dystrophic enzyme retained some activity (Fig. 3) . Extrapolation of the straight-line portion of the curves to zero enzymic activity in each case gave values of approx. 2 mol of thiol groups/mol of creatine kinase. The lower final degree of inhibition reached with the enzyme from dystrophic muscle may be due to nonidentity of the thiol groups or to co-operative effects in the two subunits whereby modification of one subunit affects the reactivity of the thiol group in the other subunit (Watts & Kumudavalli, 1970) . Further work will be necessary to clarify this point in view of suggestions that the thiol groups are directly involved in the catalysis and are close to the substrate binding sites (Watts et al. 1961; Watts & Rabin, 1962; Watts, 1963) . Recent investigation suggests that the thiol groups may be involved in conformational changes (Kumudavalli et al. 1970) . 'Fingerprinting'. Enzymes from both normal and dystrophic muscle were allowed to react with iodo[14C]acetate (Harris, 1964 ). t Noltman et al. (1962) . would be expected to demonstrate differences in sequence around the labelled thiol groups. Thermal stability. The stabilities of purified enzymes from normal and dystrophic chicken muscle were compared by incubating enzyme (1mg/ml) in lOmM-tris-HCl buffer, pH8.0, containing dithioerythritol (80mg/1) at 50CC. Samples were taken at intervals and assayed for enzyme activity. The activities of the two enzymes did not appreciably decrease even after 2jh of incubation. The experiment was repeated with enzyme solutions that had been dialysed to remove the dithioerythritol present in the stock enzyme solutions, but again there was no marked difference in the stabilities of the two enzymes after prolonged incubation. Eppenberger et al. (1967) observed thermal instabilities of their chicken preparation. This difference may be due to the differences in the method of purification we used and particularly to 182 1970 The Biochemical Journal, Vol. 120, No. 1 the superiority of dithioerythritol over mercaptoethanol as a stabilizing agent for thiol enzymes. Ultracentrifugal studtes. In the analytical ultracentrifuge the enzymes from both normal and dystrophic muscle migrated as symmetrical, sharp and well-defined peaks (Fig. 4) . The calculated sedimentation coefficients were 4.30 S for the normal enzyme and 4.35S for that from dystrophic mnuscle, an insignificant difference.
Kinetic properties. Michaelis constants for creatine were determined by measuring the initial velocities of the forward reaction at a constant ATP concentration of 4mM while varying the creatine concentration between 4 and 40mM. Similarly, for ATP the creatine concentration was held constant at 4mM and the ATP concentration was varied between 0.2 and 4mM and the Mg2+ concentration was kept constant at 4mM. The Km values were obtained graphically from double-reciprocal plots (Lineweaver & Burk, 1934) and are listed in Table 3 . Fig. 4 . Sedimentation-velocity analysis of creatine kinases from normal (upper) and dystrophic (lower) chicken muscle at 20°C at 59780rev./min in a Spinco model E analytical ultracentrifuge. The enzymes were dialysed against 10mM-tris-0.1 M-KCI buffer, pH 9.0. The protein concentrations were 5.1 and 5.5mg/ml for the enzymes from normal and dystrophic muscle respectively.
DISCUSSION
The purification procedure results in a highly pure and stable preparation with specific activities of 84 units/mg for the normal and 70 units/mg for the dystrophic enzyme, values similar to those of crystalline rabbit muscle enzyme (Kuby et al. 1954) . The total protein concentration and the total activities in the extract indicate the presence of a high percentage of creatine phosphotransferase in the chicken breast muscle. The breast muscle, even a dystrophic one, although affected by the condition, is a reasonably good source of this enzyme. There was less enzyme in the potassium chloride extracts from dystrophic muscle compared with that of the normal, possibly due to the noticeably fibrous texture of the former, which made homogenization more difficult (Table 1) . Lower yield on subsequent purification is puzzling in view of the stability of the purified enzyme from dystrophic muscle (see above). It could be due to inherent differences between the enzmyes from normal and dystrophic tissue or to the preferential loss of a less stable isoenzyme during purification.
The amino acid compositions of the enzymes from normal and dystrophic muscle were very similar (Table 4) , although the differences in threonine, glutamic acid and proline are just outside experimental error and may be significant. Further work will be necessary to confirm this. Our analyses of enzymes from normal chicken breast muscle (Table 4) agree well (apart from aspartic acid and glycine) with those of Eppenberger et al. (1967) , and again emphasize the homology of creatine kinases from the same tissue in different species (Table 4) .
The intent, in part, of this investigation was to determine whether the differences reported by Hooton & Watts (1966a) between creatine kinase isolated from normal and dystrophic mouse skeletal muscle were observed in other species bearing genetically linked muscular dystrophy, and to attempt to determine at the molecular level the details of the lesion. It is clear from the results reported here that the enzyme from dystrophic Table 3 . Kinetic properties of creatine kinases from normal and dystrophic muscle Experimental details are given in the text. Vmax. is expressed as ,uequiv. of NaOH/min per ml of reaction mixture (Watts & Rabin, 1962) . The results in Fig. 3 suggest that the two reactive thiol groups of the dystrophic chicken muscle enzyme may not be identical, or alternatively that the threedimensional structure of the enzyme molecule makes one of them more sensitive to alkylation by iodoacetate. These results agree in the main with those of Jacobs et al. (1969) , who isolated creatine kinase from normal human muscle and from the muscle of a patient with Duchenne-type muscular dystrophy, and similarly found no difference in reactive thiol content, kinetic properties and molecular weight. It should be noted that the substitution of a glutamic acid residue for cysteine, postulated by Hooton & Watts (1966a) on the basis of electrophoretic mobilities and peptide 'mapping', would involve at least two, but more likely, three base changes (Morgan, Wells & Khorana, 1966) andwould therefore have a low probability. In their work with dystrophic mouse creatine kinase, Hooton & Watts (1966b) suggested the possibility of oxidation of mouse enzyme thiol groups as an alternative to a mutation in the structural gene.
It is appreciated, of course, that the term muscular dystrophy covers a group of diseases that differ considerably in detail, and that the results of experiments on one species can be extrapolated to another species or to man only with great caution. Nevertheless, it seems unlikely that a lesion involving the reactive thiol groups of creatine kinase is a primary cause of muscular dystrophy but the possibility that the mouse dystrophy may be a different kind of abnormality to that of chicken cannot be excluded (Hooton & Watts, 1966a 
